A Density Functional study predicting a heterogeneous-catalyzed reaction giving rise to biodiesel, was performed. Triacetin was used as a model of triglyceride in the presence of an Au(111) surface as the heterogeneous catalyst substrate. Explicit methoxy molecules were implemented as an alcohol solvent to understand the reaction trajectory along the well known threestep transesterification process. It was found that the reactants and products in the three-step processes are adsorbed to the Au substrate through noncovalent interactions of the electrostatic-type, which are also mediated by a van der Waals attraction. The density of states indicate that the electronic structure nature of Au is preserved after the interaction with the organic moieties. This may be addressed to an enhanced stability of the Au (111) catalyst through the overall reaction. A charge transfer analysis also reveals that the Au surface oxidation is also responsible for the transesterification of triacetin and evidences that molecular gold plays an important role in this catalytic process. Such results may provide fundamental insights into the design of heterogeneous catalysts for biodiesel production.
Introduction
Due to the high energy demand and continuous increase on fossil fuels consumption and its eventual depletion, it is necessary to increase renewable energy use. Biodiesel production can be a reliable solution since it may be obtained from a sustainable origin, such as vegetable oil, fat animal and microalgae. The conversion of vegetable oils as Jatropha curcas [1] , soybean [2] or sunflower [3] , and other sources as recycled fried oils into biodiesel, may be a sustainable alternative to produce biofuels. The profitability of biodiesel production relies on its use in a mixture with comercial diesel with an acceptable performance and no engine modifications. Biodiesel also gives an improved combustion due to the presence of oxygen and reduces toxicity to the environment. In addition, its biodegradability reduces the greenhouse effect due to a closed CO 2 cycle and triggers sustainable development of rural economies.
Vegetable oils and animal fats are formed by triglycerides that comprise esters of glycerol with three chains of aliphatic or olefinic free fatty acids with 12-24 carbon atoms. Transesterification is the most common technique to obtain biodiesel, where triglycerides react with a low molecular weight alcohol. This is usually performed with a homogeneous catalyst and the result is a mixture of fatty acid alkyl esters (biodiesel) and glycerol.
Despite the available techniques to produce biodiesel such as hydrolysis [4] , pyrolisis [4] , supercritical alcohol transesterification [5] or base-catalyzed transesterification [6] , acid-catalyzed transeserification [7] and enzyme-catalyzed transesterification [8] , homogeneous catalysis is the most popular methodology with the aid of alkaline catalysts such as KOH or NaOH and methanol or ethanol as the alcohol [9] . The use of homogeneous catalysts presents acceptable conversion rates, but the process is not as profitable as that obtained with conventional diesel, since the homogeneous catalyst is consumed. The use of high-quality feedstock (virgin or refined vegetable oil) is elementary since water and free fatty acids provoke side effects such as saponification or hydrolysis. As a consequence, the use of a heterogeneous catalyst would reduce the production cost, because a solid is recycled during the production mechanism [1] and esterification and transesterification may be yielded. On laboratory scale, a variety of basic solids including modified zeolites, hydrotalcites, alkaline metal supports have been proven in transesterification process with the aim to solve and simplify biodiesel production [10, 11] .
The stoichiometric reaction requires 1 mole of triglyceride and 3 moles of methanol to form 3 moles of mono-alkyl ester and 1 crude glycerol [12, 13] . (see Fig.1 ). The homogeneous catalyst provides a faster reaction than the heterogeneous catalyst. However, in a homogeneous catalyst process, it is required more water to transfer catalysts from the organic phase to an aqueous phase. Therefore, the separation is more expensive for the final product.
It has recently been studied the effectiveness of solid acids catalysts such as Amberlyst R 15, Nafion R NR50, support phosphorus acid, sulfated zirconia, zeolites Hβ, and ETS-10 (H) [14, 15] . Furthermore, solid base catalysts such as MgO and ETS-10 (Na, K) [12] can catalyze the transesterification reaction. However, the only activation energy known at experimental level corresponds to the first phase triglyceride-diglyceride reaction, (∼12 kcal/mol) using Nafion R SAC-13 [16] , as heterogeneous catalyst.
On the order hand, it has been found that when molecular gold is considered on a size smaller than 10 nm, it is able to catalyze reactions such as CO oxidation and organic compounds [17] , to form C-C bonding [18] , to hydrogenize and to dehydrogenize with high selectivity [19] . Haruta et al [20] showed exceptional catalytic activity of Au nanoparticles in CO oxidation with low temperature. Mallat and Baiker [21] used noble metals as a heterogeneous catalysts to yield selectivity oxidation in OH alcohol groups to carbonyl, using molecular oxygen as oxidant. Theoretical studies showed that the addition of impurities on a Au(111) surface, allows Au to adsorb H atom such as Pd surf Au(111) [22] . Bimetallic nanoparticles such as Au@Ag, also has been showed important technology application in heterogeneous catalysts to biodiesel production [23] . Gold as a catalyst is directly related with particle size and possible explanations of the phenomena include the exceptional low coordination of superficial atoms [24] , change of oxidation state and electronic structure of metal with the particles size [25] , sensitivity to adsorption and dissociation of O 2 in different arrangements on the Au surfaces [26] and charge transfer between Au and metallic oxide supports.
The theoretical studies regarding the description of the homogenous and heterogeneous transesterification are scarce. For instance, Tapanes et al [27] performed a theoretical and experimental study on biodiesel production from Jatropha curcas oil at the AM1 level. A tetrahedral intermediate was found
and it was assigned to the difference between kinetics of methanolysis and ethanolysis and the alkoxide formation step. Hori et al [28] showed a mechanism of the gas-phase acid-catalysed hydrolysis of methyl acetate in gas phase and in solution, using implicit and explicit molecules. It was also found that the reaction proceeds when an explicit solvent molecule is present, since solvent molecules increase the nucleophilicity of the attacking water molecule that corresponds to a weaker nucleophile than the hydroxide ion and allows cleavage of the -OCH group of acetic acid that is included in the reaction. Fox et al [29] reported that methanol does not bond to carbonyl carbon to create an intermediate structure due to the absence of explicit solvent molecules.
Using Density Functional Theory (DFT) at the B3LYP level [30] , a systematic study on the kinetic aspects of methanolysis and hydrolysis of triacetin was
performed. An acid-catalyzed methanolysis reaction was considered, where it was found that the central carbon-atom of glycerol is reactive in agreement with NMR data. It was proposed that triacetin requires to react with ester carbonyl to allow transesterification. Another DFT/B3LYP study [31, 32] 
Computational Details

DFT Calculations
All DFT periodic calculations were performed using FHI-aims computational code (Fritz Haber Institute ab initio molecular simulations) [34] . We employed PBE+vdW [35, 36] functional to describe electron exchange, correlation and London interactions of the van der Waals-type. Relativistic effects were also taken into account at the ZORA (Zeroth-Order Relativistic Approach) level, since it is widely known that they are important for a full description of Au at the molecular level [37, 38, 39, 40] . The basis sets tier 1 was used for the Au atoms, while the tier 2 basis set was used for the rest of the atoms, as implemented in the FHI-aims code [41, 42] . Furthermore, the van der Waals (vdW) interactions are important to predict binding forces between Au(111) and the organic molecules, as well as to determine stability for both [43] . In all calculations, the unit cell has the dimension 20.6 x 20.6 x 30.0Å, which allows the systems to be confined in a periodic lattice (see Fig.2 ). Considering this cell size, the z direction presents a vacuum separation that allows to model the layer structure. It has been shown that this disposition avoids unphysical interactions with images in the periodic lattice. For the convergence criteria, it was considered 0.01 eVÅ −1 for the final forces in the geometrical relaxations, 10 −5 electrons for the electron density and 10 −5 eV in the total energy of the systems. A Monkhorst and Pack [44] grid with 3 x 3 x 1 k-point for the primitive cell was used to sample the Brillouin zone.
On the other hand, we analyzed electronic structure properties that may
give insights into the catalytic process of the reaction trajectories. In this regard, we predicted the energetic stability of the reactants and products by computing the adsorption energies (∆E a ) in accordance with Equation 1:
where E T stands for the total energy of the organic moieties adsorbed onto the Au(111) substrate. E organic is the total energy of the organic moieties during the different reaction steps, and E Au corresponds to the total energy of the gold substrate, both inside the same unit cell.
The trajectories of reaction were computed by using the string method [45] and the climbing images [46] with a 0.2 eV of energy as a threshold force for both. For the barrier energy convergence criteria, we used 11 images from the reactants to the products.
Charge transfer was also studied among the organic moieties and the Au(111) substrate in accordance to the Mülliken population analysis [47] .
As it is well known, the methodology is highly sensitive to the basis set used. As a consequence, we are interested to provide qualitative trends into the electronic structure behavior of the organic moieties adsorbed on the metallic substrate. The method given by Arellano et al [48] was used, where the charge density is partitioned in real space in order to state the interaction and quantitatively verify the charge transfer between the two subsystems under study. In this case, the organic moieties and the Au(111) surface.
Further, the charge transfer (∆Q) is define as:
where Q T represents the sum of all charges at each of the atoms in the nanocomposite system; Q organic and Q Au(111) are the total sum of the charges at the isolated organic moieties and the Au(111) surface, respectively.
In order to complete Arellano's scheme, we also mapped the isosurfaces of the total charge density difference ρ dif f (r) for the reactants, products and transition states. In this respect, ρ dif f (r) was plotted in the molecular viewer VESTA [49] , according to Equation 3
where ρ organic/Au(111) (r) refers to the charge density of the organic moieties adsorbed on the Au(111) substrate; ρ organic (r) is the charge density of the organic moieties and ρ Au(111) (r) corresponds to the charge density of pristine Au(111) surface, both in the same unit cell.
Results and discussion
PBE and PBE+vdW calculations
The three-step mechanism of the transesterification reaction, as suggested by López et al [12, 16] was studied with electronic structure methodologies in accordance to DFT and using the computational details described above. As it has previously been reported, there are 12 elementary-step [30] mechanisms that triacetin may follow in order to achieve transesterification and finalize the process in the conversion to methyl acetate. Nevertheless, to the best of our knowledge, there is no experimental evidence that reveals the kinetics of the last two steps in presence of a heterogeneous catalyst. As a consequence, we explore one of such reaction mechanism as proposed by López et al [12] , and by considering the effect coming from an Au(111) surface, which activates the reaction. We have chosen Au, due to its enhanced catalytic activity, as observed at the molecular level in analogous reactions [43, 50] .
As previously suggested, no experimental or theoretical results have been reported where Au(111) catalyst acts as a solid support in the production of biodiesel. In this regard, we have simulated the three-step reaction by optimizing the geometry of each of the components in the reaction mechanism.
That is, the geometry of the solvent molecule (methoxy), was fully relaxed in accordance to the computational details. The structural parameters are reported in Fig.3(a) . Triacentin was used as a model of a triglyceride (see Fig.3(b) ), since all electronic structure properties are finely reproduced [16] .
In order to model the Au(111) catalyst, we used a slab model of Au with two layers and an interplanar distance of 3.07Å and an Au-Au bonding distance of 2.94Å, which corresponds to the distance of one Au atom with respect to its nearest neighbor. Such structural parameters are in agreement with those reported experimentally [51] . We only considered the presence of two interatomic layers, since it has been shown [43] that the catalytic effects on Au(111) surfaces take place on the most external layer of the substrate.
Taking the latter into account, we relaxed the metallic surface by fixing the internal layer, and we only allowed the outermost layer to fully relax during the geometry optimization. Furthermore, we mapped the molecular electrostatic potential isosurface (see Fig.4(a) ) onto the electronic density to have an insight into the acid/base nature of molecular Au(111). A basic behavior was found, which is evidenced from the negative charge distribution located at the Au atoms, and shown as the light yellow regions at the Au atoms.
As a proof on the validity of our simplified model of Au (111) surface, we performed a Density of States (DOS) calculation and the result is depicted in Fig.4(b) . The DOS reveals the expected metallic nature of Au due to the population of electronic states around the Fermi level, which is in close agreement with the DOS reported for pristine Au(111) surface, as presented by Venkatachalam et al [22] . In this model, six-layers of Au atoms were considered to simulate the Au(111) surface, but only the two most external layers were allowed to relax. As a consequence, we found that the inner layers in the Au(111) substrate do not affect the electronic structure nature.
The followed-up three-step reaction on the transesterification of triacetin was simulated with the DFT methodology reported in the Computational Details section. In our scheme, we fully optimized the molecular geometries of the reactants and products in each of the steps. In Table 1 Table 1 ). This may indicate that the attraction on the surface may strongly be mediated by a vdW interaction. This is also in agreement with the adsorption energy of analogous systems such as organic acids [43] , where the vdW dispersive forces rules the attraction with the Au(111) surface.
Reaction Mechanism
The three-step reaction, as proposed by López et al [12] was modeled in in Fig.6 . On the other hand, triacetin is weakly adsorbed to the Au (111) substrate, where the closest Au-O contact is located at 3.17Å (see Fig.6 and Table S1 of Supplementary Information SI). The overall adsorption energy amounts to -62.59 kcal/mol, which may be assessed to a weak attraction of the electrostatic-type.
It was found that the strong adsorption of the methoxy on the Au (111) surface, increases the C-O bond lengths up to 0.6Å, which may be due to the strong Au-Au interaction in the substrate with the molecule that induces the breakage of the initial covalent bond observed on the methoxy. The modified parameters of triacetin adsorbed on Au(111) with respect to the isolated molecule are reported in Table S2 of the SI, where no significant changes were reported, indicating that triacetin remains structurally unaltered.
This initial image was considered as the frame of reference (0.0 kcal/mol) with regard to the rest of the geometric configurations. The geometry of the combined system triacetin/methoxy is virtually unaltered with respect to (wrt) the first image and only slight deviations at the central bond angles are reported (as presented in Table S2 and Fig.S1 of SI). Larger deviations at the bond angles for image 3 in triacetin are reported (see Table S3 and Table S4 and Fig. S3 of SI) , which destabilizes the total energy of the system to about 4.5 kcal/mol, which is readily interpreted as the first transition state (TS1) for this reaction (see Fig.5 ).
Furthermore, at image 6, as depicted in Fig.5 , the spontaneous breaking of the C 2 H 3 O group of triacetin was observed, which may be readily addressed to the rising of the transesterification process. This is also related to the origin of a second transition state (TS2), where the C 2 H 3 O group reacts with methoxy to form methyl acetate (Biodiesel) and the side-formation of diacetin is found, as depicted in Fig.5 . This is in agreement with the transesterification process depicted in Fig.1 . It was also found that the activation potential (E a ), which is defined as E a = E T S − E 0 (where E T S is the total energy of the transition state and E 0 is the ground state energy of the reactants), amounts to 26.90 kcal/mol. This value may also be comparable with the activation potential found for the analogous Nafion R SAC-13
heterogeneous-catalyzed triacetin to diacetin reaction, observed by López et al [12] . The closest contact between the methyl acetate and Au(111) is through the Au42-O31 bond length at 2.41Å (see Fig.7 (a) ), which may be addressed to a non-covalent interaction with a certain degree of dispersive attraction of the vdW-type.
The Au(111) surface keeps the original symmetry with only slight vari-ations at the Au-Au contacts, which may be considered to be negligible.
This may be related to a high stability in the heterogeneous catalyst that may be ascribed to its reusability through the different reaction steps. The formation of diacetin on the Au(111) substrate reveals a weak interaction that is supported by Au-O contacts and Au-C contacts at 3.25Å. Such structural changes are presented in Table 2 . Furthermore, the overall structural changes are reported in Table S5 . It was found that the transition state TS2
is basically raised with the formation of a C5-O29-O24 bond angle that corresponds to the central angle of methyl acetate (see Fig. S4 ). The evolution continues from image 7 to 12 (see Fig.5 ). As depicted in Fig.8 , the methyl acetate is weakly adsorbed on the Au(111) substrate with the closest Au-O contact at 3.44Å. This makes it suitable to be separated from the heterogeneous catalyst. The thermodynamical energy is defined by the following relation: E T h = E f − E i , where E T h is the thermodynamical energy of the system, E f is the energy of the final state (products) and E i is the energy of the initial state of the system (reactants). In the first step of the reaction, it corresponds to -0.59 kcal/mol, which may be interpreted as a spontaneous exothermal reaction, addressing its feasibility.
In order to model the second step of the overall reaction (see Fig.1(b) ),
we computed the trajectory of the reaction using the same methodology. The resulting full reaction path is depicted in Fig.9 . The first image corresponds to the optimized structure of diacetin with a methoxy molecule, also used as an explicit solvent molecule. The combined system was fully relaxed in the presence of the Au(111) surface. At this configuration, the closest oxygen atom of the methoxy is located at 2.10Å above the Au(111) surface (see It is important to highlight that the tetrahedral intermediate (TI) formation is also observed at this step (see Fig.7(b) ). The rising of TI is a characteristic signature found at analogous homogeneous-catalyzed reactions [30] .
Such geometry rises after the interaction of C25 of methyl acetate and O10 of monoacetin. The activation energy for TS2 amounts to 33.48 kcal/mol, which is slightly larger than that found in the first step, but it does not compromise the feasibility of the reaction. The evolution of the trajectory is depicted in Fig.9 after the second transition state is reached, and no significant changes are reported. The total evolution of the energy in the organic system supported on the Au(111) surface is decreased and it is stabilized at image 11, which corresponds to the products at the second step of the reaction (see Fig. S9 ). The closest methoxy/Au(111) contact was located at 2.10Å, while the closest methyl acetate/Au(111) surface contact is located at 3.81Å, which may be ascribed to a weak interaction of the electrostatictype, also mediated by a vdW dispersive contribution (with an adsorption energy of -99.84 kcal/mol). The monoacetin/Au(111) contacts range from 2.10Å to 3.71Å and it is weakly adsorbed on the substrate. It was also found that during the evolution of both reaction trajectories, the Au(111) surface undergoes a slight change on the Au-Au contacts up to 0.5Å, which is not directly compromising the trajectory of triacetin, but it may be considered as a cooperative agent driving the transesterification catalytic reaction al-ready evidenced through both trajectories. The thermodynamical energy for the second step is +16.45 kcal/mol, which corresponds to an endothermal reaction that may require heat in order to be achieved.
The last step in the reaction was also modeled with the same methodology described above. The complete reaction trajectory is presented in Fig.10, showing that the third step of the overall reaction involves monoacetin and a methoxy solvent to produce methyl acetate and glycerol as byproduct. As previously performed in the former step of the overall reaction, we used 2 methoxy units as explicit solvent molecules. The geometry at image 1 in Table S7 and Fig. S13 of SI. For this last reaction step, a thermodynamical energy of -6.20 kcal/mol was computed, which corresponds to an exothermal reaction that may spontaneously take place. Note that the Au-Au bonding length parameters present slight elongations no longer than 0.5Å at the regions of contact with the organic moieties. This indicates that the presence of the catalyst does not rule the transesterification process, but its effect on the reaction can not be neglected.
Charge Density difference isosurfaces and Mulliken analysis
In order to understand the mechanism behind charge transfer among the organic moieties and the Au substrate, we performed the charge difference (∆Q) analysis scheme, as proposed by Wen et al [52] and Muñiz et al [53] ;
where ∆Q is given in Eq.2 of the computational details section. The results are given for the 3 steps of the reaction in Table S8 , for each of the reactants, products and transition states with larger activation energies. The same tendency is present on each of the steps and a clear depletion of electronic charge was found at the Au centers, which indicates that a charge transfer is present for each of the steps, and it is coming from the Au(111) surface.
Taking the latter into account, we performed a charge density difference analysis ( ρ dif f (r) ) as suggested by Eq.3. Such equation was considered to plot the isosurfaces of density difference. The gray regions correspond to zones where the electronic charge was transferred to, while the blue regions represent those zones where the charge was depleted. The ρ dif f (r) isosurfaces for the main images of the reaction trajectory in step 1 are presented in Fig.11 .
In all images, a charge transfer coming from the Au centers is located at the interplanar region between the Au(111) surface and the organic moieties.
This is in agreement with the ∆Q Mulliken values that were found for those systems. Such behavior is enhanced at the second transition state (TS2)
found for this step, where a larger amount of charge is transferred to the region above the Au surface (see Fig.11(b) ). Consequently, a larger amount of charge re-located among the solvent, the detached triacetin and the presence of the Au catalyst, may be assigned as one of the agents giving rise to the transesterification of triacetin observed during the reaction trajectory for this step.
The same pattern was also found in steps 2 and 3 (see Fig S14 and S15 ).
The transition state 2 (TS2) and TS3 in steps 2 and 3, respectively, present a dramatic charge transfer from the organic moieties to the Au surface, which is also strenghthened from the charge transfer of Au to the same region. The charge relocation assessed in the three steps may be directly interpreted as one of the driving forces that lead to transesterification and highlights that the presence of the Au substrate plays a fundamental role in order to achieve it.
Molecular Electrostatic Potential (MEP) surfaces and Density of States (DOS)
In order to study the Au (111) This is due to the overall charge transferred from the organic moieties to the Au surface (see Fig. S16 ). The same tendency was found for the products.
Such behavior was also verified in the last two steps of the overall reaction coordinate, as shown in Fig. S17 and S18.
On the other hand, the enhancement of the acidic character of the Au (111) substrate is also evidenced on the DOS (see Fig. S19 ) for the products of Adriana Longoria for helpful discussion. Stepwise reactions: 
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